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The Triassic has long been recognized as a time during which marine and terrestrial 
ecosystems modernized dramatically, and it seems to have been a two-step process. 
First, recovery from the Permian-Triassic mass extinction (PTME) was a time of 
extraordinary renewal and novelty, and these processes of change were enhanced, it 
seems, by the effects of the Carnian Pluvial Episode (CPE). After the CPE, in the oceans, 
not only did the carbonate factory begin to change towards its modern form, but also 
arguably the Mesozoic Marine Revolution (MMR) speeded up. When the MMR was 
proposed it was seen as a process that occurred in the Late Jurassic and 
Cretaceous, as modern crustaceans, gastropods, and fishes enhanced predator-prey 
arms races. New evidence from China and elsewhere suggests in fact the MMR was 
already underway in the Middle and Late Triassic, and so was coincident with Sepkoski’s 
classic idea that Paleozoic faunas were replaced by Modern marine faunas from the 
beginning of the Triassic. On land, ongoing competition between synapsids and 
archosauromorphs through the Triassic was marked by a posture shift from sprawling 
to erect, and a shift in physiology to warm-bloodedness, with insulating skin coverings of 
hair and feathers. Dinosaurs, for example, originated in the Early or Middle Triassic, but did 
not diversify until after the CPE. These arms races, the MMR in the sea, and the 
endothermy shift in tetrapods, were triggered by the PTME, and then enhanced by 
the CPE. 
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INTRODUCTION 


When Phillips (1841) named the geological eras, the Palaeozoic, Mesozoic, and Kainozoic (now, 
Cenozoic), he noted that each was characterized by very different kinds of animals and plants, and 
that their boundaries marked major shifts in the faunas and floras. He intended these stratigraphic 
terms to be overtly biological, reflecting the nature of the fossils, and paleontologists have since 
understood that the boundaries between Paleozoic and Mesozoic and Mesozoic and Cenozoic mark 
the end-Permian and end-Cretaceous mass extinctions, dated respectively, at 252 and 66 Ma 
(million years ago). The times following these two mass extinctions represent notable episodes 
of the recovery of life, during the Triassic and Paleogene periods respectively. The succession from 
dinosaurs to mammals and birds in the Paleogene has been described many times, as well as the 
evolution of new ecosystems in the oceans after the extinctions of marine reptiles, ammonites, 
belemnites and rudists at the end of the Cretaceous. The recovery of life in the Triassic after the much 
more severe end-Permian event has long been seen as even more dramatic. 

Van Valen (1984) identified the Permian-Triassic boundary (PTB) as a singularity in the 
evolution of Phanerozoic marine animals, marked by a shift in evolutionary dynamics. Similarly, 
Sepkoski (1984) argued the “Modern Evolutionary Fauna” emerged after the PTB, in succession to 
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his “Cambrian” and “Paleozoic” evolutionary faunas, but he saw 
very little evidence for a step-change across the Cretaceous- 
Paleogene boundary. Whereas the Paleozoic marine fauna had 
been dominated by brachiopods, rugose corals, tabulate corals, 
cephalopods, trilobites, graptolites, and crinoids, and lower 
actinopterygian fishes (e.g. “paleonisciform” or 
“paleopterygian” fishes; Romano et al, 2016) and non- 
neoselachian sharks, the Modern fauna, commencing in the 
Triassic, was characterized by bivalves, gastropods, 
malacostracan crustaceans (crabs, lobsters), echinoids, 
neoselachian sharks, neopterygian bony fishes (including basal 
holosteans and teleosts), and marine tetrapods (reptiles in the 
Mesozoic, whales in the Cenozoic). These changes also reflect 
sharp rises from Paleozoic to Mesozoic in the proportions of 
motile (free-swimming) animals to non-motile (bottom- 
dwelling) and in the proportions of predators to non- 
predators (Bambach et al., 2002). The major changes were set 
in train following the devastating effects of the Permian-Triassic 
mass extinction (PTME). 

In considering the timing of major events in the Triassic, the 
Carnian Pluvial Episode (CPE), dated from 233 to 232 Ma, has 
also emerged as potentially very important in punctuating the rise 
of modern ecosystems on land and in the oceans (Simms and 
Ruffell, 1989; Roghi et al., 2010; Dal Corso et al., 2020). This 
episode was triggered by repeated eruptions of the Wrangellia 
Large Igneous Province, which led to a series of consequences 
similar to those that occurred during the PTME, including sharp 
global warming and especially in tropical latitudes, acid rain and 
mass wasting on land, and ocean acidification and seabed anoxia 
in the oceans. Through a million years, repeated eruptions drove 
temperatures up and generated excess rainfall on land, but after 
the eruptions ceased some 232 Ma, the CPE humid phase reverted 
to aridity, and it was the humid-to-arid switch that led to 
substantial extinctions and major changes in ecosystems 
(Roghi et al., 2010; Dal Corso et al., 2020). In the sea, the first 
scleractinian reefs and rock-forming calcareous nannofossils 
diversified, both reflecting and enabling substantial changes in 
ocean chemistry (Dal Corso et al., 2020). Some new predatory 
clades that had originated in the aftermath of the PTME (e.g., 
decapod crustaceans, coleoid cephalopods, asteroid and cidaroid 
echinoderms, neopterygian bony fishes, neoselachian sharks) 
diversified substantially at this point, marking a step-change in 
predatory attack (e.g., durophagy, hole-drilling) and defensive 
and escape strategies (e.g. cementation, deep burrowing, fast 
escape swimming). On land, there were major diversifications 
and originations of conifers, insects, dinosaurs, crocodiles, 
lepidosaurs, turtles, and mammals; most of these groups had 
originated much earlier, in the Early and Middle Triassic, but 
diversified and became ecologically significant after the CPE (Dal 
Corso et al, 2020). Thus emerged the roots of modern 
ecosystems. 

In related, but parallel work, Vermeij (1977) identified the 
Mesozoic Marine Revolution as a key episode in the history of 
marine animals. He noted that typical Mesozoic and modern 
marine predators, such as malacostracan arthropods, gastropods, 
echinoids, and vertebrates (including neoselachian sharks, teleost 
fishes, and marine reptiles) were all faster and nastier than their 


Paleozoic precursors. As predators became faster to catch their 
prey, the prey evolved means of escape and defense, including a 
thicker shell or the ability to burrow deeper. Predatory modes also 
became more deadly, with many fishes and reptiles becoming 
durophages, capable of crushing thick-shelled oysters, and with 
gastropods perfecting their hole-piercing equipment to penetrate 
through shell to flesh, and sharks and teleosts with mobile mouth 
parts to enlarge their gapes. Vermeij pointed to the origins of 
many of these adaptations in the Cretaceous and suggested the 
MMR began in the Jurassic. Based on new evidence, Vermeij 
(2008) revised his original view, and noted an early burst of the 
MMR in the Late Triassic and Early Jurassic, and since then 
additional evidence has revealed origins of many key MMR 
predators in the Early and Middle Triassic (Hu et al., 2011; 
Benton et al., 2013; Tackett, 2016; Tackett and Bottjer, 2016; 
Brayard et al., 2017; Waller, 2006; Hautmann et al., 2017), and if 
this is true, it links the initial driver of the MMR to the recovery of 
life following the PTME and the origin of modern-style 
ecosystems in the oceans. 

Among vertebrates in particular, the nature of their recovery 
also seems to mark something unusual. Certain clades such as 
fishes and tetrapods showed very rapid diversifications in the sea 
(Benton et al., 2013; Scheyer et al., 2014; Motani et al., 2015) and 
on land (Ezcurra, 2016; Ezcurra et al., 2020a, b; Benton, 2021). 
Indeed, the changes among ecologically dominant tetrapods on 
land, cutting across the major clades of archosaurs and synapsids, 
seem to mark a quickening of life in general. Both archosaurs 
(including the ancestors of dinosaurs and birds) and synapsids 
(including the ancestors of mammals) show evidence of a major 
shift in posture (sprawling to upright) and in thermal physiology 
(ectothermy to endothermy). These changes affected the nature 
of energy transfer through ecosystems, so they share more in 
common with modern than Paleozoic ecosystems. Importantly, 
changes initiated by the PTME appear to have been accelerated by 
the CPE, which triggered remarkable changes in plants, insects, 
and tetrapods, including the origins of dinosaurs and of 
mammals. 

Here, we explore critical points about the Triassic, and with a 
key focus on the CPE and whether the combined “double hit” of 
the hugely devastating PTME, and then the smaller, but hugely 
influential, CPE 20 Myr later marked the origins of modern 
ecosystems in the sea and on land. 


EARLY START OF THE MESOZOIC MARINE 
REVOLUTION 


Definition of the Mesozoic Marine 


Revolution 

In considering the recovery of life after the PTME, and when the 
MMR started, it is important to recall that there had been a long 
history of increasingly effective predatory and defensive strategies 
among marine animals throughout the Paleozoic, and especially 
with some escalation in the Devonian and Carboniferous (Brett 
and Walker, 2002), and with renewal of Paleozoic predatory 
modes in the new world of the Triassic as well as further 
escalation (Walker and Brett, 2002). A key question is when 
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the MMR began, and whether a case can be made plausibly that 
the MMR is a part of, or equivalent with, the Triassic recovery of 
life from the rigors of the PTME. 

In his original works, Vermeij (1977) and Vermeij et al. (1981) 
made the case that the MMR began in the Cretaceous, based on 
several lines of evidence: 1) an increase in snail-shell sturdiness in 
response to the evolution of new shell-destroying predators such 
as teleosts, stomatopods, and decapod crustaceans, 2) an 
intensification of grazing, and 3) deeper burrowing than ever 
seen before in certain taxa, a classic means of escape from intense 
predation. He noted that these new behaviors coincided with the 
origin of several clades that dominate oceans today, including 
mesogastropods, neogastropods, stomatopod crustaceans, and 
shell-crushing rays and teleosts. Vermeij et al. (1981) tested 
the timing of the MMR by focusing on shell damage in 
gastropods through the Phanerozoic, and they identified a 
step-change in such damage at some point between the Late 
Triassic and Late Cretaceous but did not have sufficient sampling 
to say when this had occurred other than at some point in the 
Jurassic. 

In his review of 46 innovations among marine animals 
throughout the Mesozoic, Vermeij (2008) noted a two-step 
model for the MMR, with bursts of innovation in the Late 
Triassic-Early Jurassic interval (0.42 innovations per million 
years) and in the mid-Late Cretaceous (0.60) separated by a 
time of only modest innovation from Middle Jurassic—Early 
Cretaceous (0.12). Marine innovations in the Carnian included 
origins of calcified phytoplankton (dinoflagellates, calcified 
nannoplankton), compound plates in echinoids, giant marine 
tetrapods, turtle form in tetrapods, articulating teeth in hinges of 
cementing bivalves, suckered arms in squid, diverse 
zooxanthellate reef-building corals, bioerosive herbivory, and 
obligately deep-boring bivalves. 


Re-Dating the MMR 


Vermeij’s (2008) analysis accepted the idea of a Late Triassic start 
to the MMR, which we could now indicate was part of the 
aftermath of the CPE, but there is still a question around 
whether the MMR kicked off even earlier, in the Early and 
Middle Triassic. Vermeij (2008) enumerated a list of 46 
predatory and defensive-escape innovations seen in Mesozoic 
organisms, including 31 marine and 15 terrestrial examples. We 
repeat this analysis in the sense of listing innovations relevant to 
the predator-prey escalation in the Triassic but excluding his 
terrestrial examples. 

The numerical counts presented by Vermeij (2008) are 
arbitrary, and different authors might produce different 
listings, which makes the estimates of rates of change only 
indicative, as he acknowledged. We do not present any such 
statistical metrics. In any case, there would be more appropriate 
approaches in ecological terms, estimating for example the 
proportions of predatory interactions of the “new” type versus 
others; this would allow discrimination between the maximal 
point of origin of an innovation and the point at which it became 
prevalent in ecosystems. 

In many examples noted below, a related issue is to separate 
origins based on phylogenetic inference from origins based on 


abundant fossils. For example, some fiendish predatory 
adaptations of Mesozoic hunters, such as the muscular 
tentacles of hunting cephalopods armed with suckers and 
hooklets, are largely soft-tissue and so hard to fossilize, and 
yet phylogenetic evidence indicates likely points of origin 
before fossils became abundant. Does this mean the adaptation 
was widespread but poorly fossilized, or in fact only rarely present 
and so of negligible ecological importance? In the summary to 
follow, we will keep these concerns about data and methods in 
mind, and look at the carbonate factory first, then the new 
predators, and finally the new defenses against these predators. 


Carbonate Factory-Plankton Revolution 
Carbonate factories are the combination of sedimentary 
environment, organisms and precipitation processes that lead 
to the formation of a carbonate platform, and they can be divided 
into multiple systems, including tropical, cool-water, and mud- 
mound types (Schlager, 2005; Reijmer, 2021). Key controlling 
factors on these systems include light, water temperature, 
nutrients, salinity, substrate, and carbonate saturation; local 
controls are also ocean currents, upwelling and non-upwelling 
systems, ocean-atmosphere systems, atmospheric systems, 
shallow-water dynamics, and terrestrial sediment and water 
inputs (Reijmer, 2021). 

The nature and location of the dominant carbonate factories 
through time have been critical in the regulation of ocean 
chemistry and cycling of carbon. When calcifying organisms 
arose in the Cambrian, the products of weathering were 
captured, and this affected the carbon cycle permanently. 
Then there was a dramatic shift in the main locus of the 
carbonate factory from continental shelves to deep seas and 
this followed the rise of calcifying plankton in the Late 
Triassic and Jurassic (Figure 1). The changes in ocean 
chemistry and function were profound (Ridgwell, 2005). 
Before the switch, in Paleozoic seas, this kind of “neritic 
ocean” was subject to extreme fluctuations in carbonate 
content and pH according to topography and climate, 
reflecting variable weathering on land and halving and 
doubling of the area of the continental shelf. The 
consequences were that the ocean could become extremely 
saturated with carbonates washed in from weathering on land 
at times of low sea level when areas for deposition of carbonates 
were restricted. After the ocean revolution when carbonate 
factories moved towards deeper waters, as today, such 
variations in saturation do not occur; the deep-sea carbonate 
sink enables the oceanic saturation state to self-regulate. This also 
had impacts on the concentration of carbon dioxide in the 
atmosphere and the degree of acidification (pH level) of the 
ocean itself. 

In their review of 1.5 billion years of eukaryotic planktonic 
evolution, Falkowski et al. (2004) identified a major ecological 
reset in the Triassic that marked a comprehensive overhaul in 
how the oceanic carbon cycle worked. Before the reset, Paleozoic 
marine phytoplankton were perhaps less diverse and abundant, 
and less important in nutrient cycling. The extinction of many 
groups in the PTME marked the beginning of a new marine world 
dominated by the modern groups of phytoplankton (e.g., 
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(2005), and sketch carbonate factory models based on James (1984). 


FIGURE 1 | The major shift in the marine carbonate factory from the shelf-based model through the Palaeozoic and most of the Triassic, and the modern-style dep- 
water carbonate factory of today, which began in the latest Triassic. Abbreviations: Carbonif, Carboniferous; Cis, Cisuralian; CPE, Carnian Pluvial Episode; Eoc, Eocene; 
ETME, end-Triassic mass extinction; KPgME, Cretaceous-Paleogene mass extinction; M, Middle; Mio, Miocene; Miss, Mississippian; Neo, Neogene; Penn, 
Pennsylvanian; PTME, Permian-Triassic mass extinction. Dinoflagellate diversity through time from Fensome et al. (1996), Nannoplankton diversity from Bown et al. 


Calcareous pelagic rain 


species 


dinoflagellates, coccolithophores), which originated about the 
same time in the Middle and Late Triassic (Figure 1). The 
new eukaryotic plankton of the Triassic possessed plastids 
derived from an ancestral red alga that enabled them to 
develop a “dual fuel” metabolism, whereby they could retain 
fixed nitrogen within the cell, while simultaneously obtaining 
organic carbon via photosynthesis, and even assimilating 
dissolved and particulate organic matter (Falkowski et al., 
2004). Initially, dinoflagellates and coccolithophores flourished 
in the relatively warm, quiescent Mesozoic seas, when wind 
speeds and oceanic thermohaline circulation were relatively 
sluggish. When the major polar icecaps emerged about 33 Ma 
in the early Oligocene (Zachos et al., 2001; Norris et al., 2013; 
Westerhold et al., 2020), climates cooled, winds freshened and 
ocean circulation speeded up, and diatoms began to replace 
dinoflagellates and coccolithophores as dominant eukaryotic 
phytoplankton in the oceans. 

The transition from the neritic to deep-sea dominant ocean 
pattern was dated at the Triassic-Jurassic boundary by Ridgwell. 
(2005), and to the aftermath of the CPE by Dal Corso et al. (2020). 
Carbonate fluxes and nannoplankton diversity remained low 
through the Late Triassic and Early Jurassic, and production 
was restricted to epi-continental areas. The true colonization of 
the oceans occurred through a very long time, reaching an 
advanced stage in the Early Cretaceous, based on analysis of 
species diversity through time (Figure 1), but importantly also 
estimated accumulation rates on the ocean floor: rates of 
accumulation rose one-hundredfold, from 10° m?°yr™™ in the 


1 in the 


Early Jurassic to 10"! m’yr” 
(Suchéras-Marx et al., 2019). 
The concurrent rise of calcifying plankton groups in the 
oceans as well as new reef-building corals (scleractinians) and 
other metazoan reef-builders, contributed to a major shift in the 
global carbon cycle. Today, the three eukaryotic phytoplankton 
groups are responsible for the great majority of the export of 
organic matter to the ocean interior and into deep-ocean 
sediments (Falkowski et al., 2004). Their huge contribution to 
carbon cycling is documented in the Italian Dolomites where the 
rise of coccolithophores and dinoflagellates in the Carnian is 
marked by a huge increase in calcispheres in the carbonate rocks; 
their frequency rose from essentially 0% in the Middle Triassic to 
10% after the CPE, and >50% of rock volume in the Rhaetian. As 
Dal Corso et al. (2020, p. 6) note, “The rise of these calcispheres 
may represent a milestone in Earth history that could have 
fundamentally changed the global carbon cycle and certainly 
deserves more attention.” At the same time, the “carbonate 
factory,” the processes of conversion of carbon into calcium 
carbonate within organisms, had occurred mainly in microbial 
reefs in earlier parts of the Triassic, and switched to metazoan 
reefs (i.e., corals, sponges, bryozoans) during and immediately 
after the CPE (Dal Corso et al., 2020). These together shifted the 
main sites of carbonate accumulation from the continental shelf 
to offshore locations, as reef debris was washed offshore, but more 
importantly, calcareous nannoplankton lived over deep waters as 
well as shelf waters, and shed their skeletons into deeper waters. 
These deep-water carbonates helped stabilize the global carbon 


Early Cretaceous 
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FIGURE 2 | Novel predatory and defensive modes in Triassic seas, showing approximate timings of known fossil records, or times when a phenomenon became 
established (thick line) and earlier occurrences, either inferred from phylogeny or based on rare fossils (thin line). The flying fish Potanichthys and the ambush-predatory 
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cycle by improving the buffering capacity of the oceans 
(Ridgwell., 2005). This was a key switch in global ocean 
chemistry, marked by a shift of major carbonate reservoirs 
offshore and into deeper waters, which were less susceptible to 
fluctuating sea levels than the earlier carbonate accumulations on 
continental shelves. 


New Predators 
As noted earlier, the Triassic revolution in the oceans is marked 
not only by the beginning of the shift in the carbonate factory, but 
also by a great number of new predators and predatory modes, 
matched by many new defensive and escape strategies by the prey 
organisms (Figure 2). 

Predatory crustaceans, primarily shrimp- and lobster-like 
decapods, were widespread in the Triassic, and these include 
stem penaeoid and caridean shrimps and polychelidan and 
astacidean lobsters (Hegna et al., 2020). It is likely that crown 
families, known from fossils in the Jurassic, such as the Anomura 
(hermit crabs, squat lobsters, false crabs, stone crabs) and 
Brachyura (true crabs), will also yield fossils back into the 
Triassic, as indicated by molecular estimates (e.g., Bai et al., 
2018) that substantial diversifications followed the PTME, in 
the Early to Middle Triassic. Modern families identified so far in 
the Triassic include Penaeidae (prawns and shrimps), Palinuridae 
and Glypheidae (rock and glypheid lobsters), and Upogebiidae 
(mud shrimps). New fossil finds from the Middle Triassic 
(Anisian) of China show the Luoping fauna included five 
decapod species, capable of variously hunting and scavenging 
their prey (Feldmann et al., 2012). In their review of decapod 
hunting modes, Schweitzer and Feldmann (2010) noted that 
decapods had adaptations for shell-crushing since the Early 
Triassic. 


Coleoid cephalopods, squid, cuttlefish, octopuses, and 
belemnoids, diversified substantially through the Mesozoic, 
and their fossils, especially those of the hunting forms with 
tentacles bearing suckers and hooks, such as phragmoteuthids 
and belemnites to a lesser extent, became common in the Late 
Triassic. These forms, modern and ancient, hunted by grasping 
immobile or slow-moving prey in their tentacles and snipping 
and crushing the shell with their beak. Combined molecular and 
fossil evidence (Tanner et al, 2017) confirms massive 
diversification of such hunting coleoids in the Early Jurassic, 
but there was slow diversification through the Triassic, with a 
reported squid-like coleoid from the Early Jurassic of Idaho, 
United States (Doguzhaeva et al., 2018). 

New echinoderm predators emerged. The PTME witnessed 
the extinction of most echinoderm clades, and Early Triassic 
fossil records are poor, but they show a rapid re-diversification of 
ophiuroids and crinoids in the Middle Triassic, and significant 
expansions of all clades in the Late Triassic (T'witchett and Oji, 
2005). Asteroidea (starfishes) are rare as fossils in the Triassic, but 
these voracious predators likely arose early in the Triassic 
according to phylogenomic analyses, with the PTME marking 
the trigger for origin of the most diverse living clade, 
Neoasteroidea, at that point (Mah and Blake, 2012). Their 
rarity as fossils may reflect the fact that they require special 
conditions to fossilize. Cidaroid echinoids diversified 
substantially from the Carnian onwards, and perhaps drove 
the evolution of motile crinoids (see below). 

Marine predatory vertebrates show spectacular and rapid 
diversifications in the Early and Middle Triassic, and new 
discoveries from China have confirmed their early start in the 
Triassic, but not in the Late Permian (Benton et al., 2013; Scheyer 
et al., 2014; Motani et al., 2015). Among osteichthyans, the clade 


Frontiers in Earth Science | www.frontiersin.org 


June 2022 | Volume 10 | Article 899541 


Benton and Wu 


Triassic Revolution 


FIGURE 3 | The diversification of the saurichthyiform fishes (‘lizard fish’) in the Middle Triassic of South China (eastern paleo-Tethys), reflecting the establishment of 

a complexly tiered marine ecosystem (or marine fish communities) with intensive predator-prey interactions along the food chains. Species list: (A), Saurichthys 
dawaziensis; (B), Saurichthys sp. 1 (under description); (C), Sinosaurichthys longimedialis; (D), Yelangichthys macrocephalus; (E), Sinosaurichthys sp. (under 
description); (F), Saurichthys sp. 2; (G), Sinosaurichthys minuta; (H), Saurichthys spinosa; (I), Saurichthys yunnanensis; (J), Saurichthys yangjuanensis, which 
preyed on the coexisting Sinosaurichthys longipectoralis (see, Wu et al., 2015); (K), Sinosaurichthys longipectoralis. A,C,E-I from the Anisian of the Luoping Biota; D,J,K 
from the Anisian of the Panxian Biota; B from the Ladinian of the Xingyi Biota. Artwork by Fei-xiang Wu. 


Neopterygii expanded enormously in this time, comprising 
holosteans plus teleosts, and today representing 99% of living 
bony fishes (Benton et al., 2013; Romano et al., 2016; Xu, 2020; 
Romano, 2021). Romano (2021) makes a case that there is a 
hiatus in preservation during the crucial time between Olenekian 
and early Anisian, from 250 to 246 Ma, so perhaps artificially 
pushing apparent origins of some clades from Early to Middle 
Triassic. Similarly, the modern shark clade, Neoselachii, also 
diversified from the Early Triassic onwards, diversifying into 
several lineages, but apparently slowly (Cuny and Benton, 1999). 

Ambush predation had evolved among fishes in the mid- 
Paleozoic, but the hugely abundant, elongate osteichthyan 
Saurichthys apparently adopted new, super sneaky strategies. 
Computational fluid dynamics studies of 3D models show that 
Saurichthys had adaptations to make its approach and final lunge 
undetectable by minimizing flow disturbance, as with modern 
needlefish and gars (Kogan et al, 2015). According to these 
authors, pike, which are also ambush hunters, generate more 
disturbance as they lunge for the kill, but they compensate for 
this by faster attack speed and their protrusible jaws. Saurichthyid 
fishes exploded on the scene in the Middle Triassic (Figure 3). They 
originated in the latest Permian (Eosaurichthys from Changxing, 
Zhejiang, China) and diversified to dozens of species in the Middle 
Triassic (Wu et al., 2011, Wu et al., 2015, Wu et al., 2018) and 
continued until the Middle Jurassic (Maxwell, 2016), hence surviving 
two major biotic crises. In addition, a lineage of saurichthyiform 
fishes from the Anisian of China had evolved a distinct crushing 
feeding mechanism, comprising massive jaws but small and blunt 
teeth (Wu et al., 2013). These Triassic fishes, however, did not have 
protrusible jaws, and this important feeding adaptation was absent in 
early teleosts such as Pholidophorus from the Late Triassic (Arratia, 


2017), and is characteristic of the Acanthomorpha (Schaeffer and 
Rosen, 1961), originating in the Late Jurassic or Early Cretaceous 
(Chen et al., 2014). 

Among marine reptiles, there was substantial diversification in 
the Early and Middle Triassic, documented especially well in the 
south of China (Chaohu, Panxian, Luoping, Xingyi, Guanling 
faunas) and in central Europe (Benton et al., 2013; Scheyer et al., 
2014; Motani et al., 2015), including groups such as ichthyosaurs, 
sauropterygians (pachypleurosaurs, nothosaurs, placodonts), 
thalattosaurs, saurosphargids, hupehsuchians, 
archosauromorphs, and chelonians. The recent analysis of a 
giant ichthyosaur, Cymbospondylus youngorum, from the 
Anisian-aged Fossil Hill Member of the Favret Formation in 
Nevada, gives impressive evidence of the rapid diversification of 
these marine reptiles (Sander et al., 2021). This animal is 
estimated as 17.6m long and weighing 45 tons, and the 
authors carry out detailed macroevolutionary analysis which 
shows enormously rapid achievement of huge diversity and 
great body size by ichthyosaurs in the Olenekian and Anisian, 
a prime example of an ‘early burst’ radiation. They identify 30 
species of ichthyosaurs in the Olenekian-Ladinian interval, and 
explosive evolution of body size from initial sizes of <1 m to a 
broad range in the Anisian from 0.5 to 17 m, some 5 Myr later. 
The speed of diversification far outstrips that experienced by 
whales as they evolved towards large size in the Cenozoic. 

The huge body sizes achieved by some ichthyosaur lineages in 
the Triassic is matched by the fact that many or most of the 
marine reptiles were probably warm-blooded (endothermic) to 
some extent, generating internal body heat as mammals and birds 
do today, in contrast to the largely ectothermic (cold-blooded) 
modern reptiles. For example, study of bone histology shows that 
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ichthyosaurs were likely homeothermic by virtue of large size and 
insulation or even regionally endothermic, enabling fast and 
sustained activity from their origin in the Early Triassic 
(Nakajima et al., 2014; Lindgren et al., 2018). On the other 
hand, whereas plesiosaurs from their origination in the Late 
Triassic may have been endothermic, the Triassic 
sauropterygians such as nothosaurs, pachypleurosaurs and 
placodonts, were almost certainly still ectothermic, as indicated 
by bone histology (Wintrich et al., 2017). 

These ichthyosaurs, the other marine reptiles, as well as the 
sharks and some of the neopterygian bony fishes, were predators, 
and the larger ichthyosaurs, nothosaurs, thalattosaurs, and 
hupehsuchians were apex predators, themselves feeding on 
other marine reptiles. These all represent new predatory levels 
in the trophic systems of the Olenekian and Anisian, substantially 
different from the Permian when sharks were the sole top 
predators (Benton et al., 2013; Scheyer et al., 2014; Sander 
et al., 2021). The new groups of marine fishes and reptiles 
occupied other predatory niches too. 

Durophagy, the predatory adaptation to crush hard shells, 
arose several times among Paleozoic predators, for example in 
placoderms and some sharks (Brett and Walker, 2002), but the 
habit had disappeared, before its re-emergence among different 
groups of fishes and newly in reptiles in the Early and Middle 
Triassic (Tackett, 2016; Tackett and Bottjer, 2016). Shell-crushing 
vertebrates emerged at the start of the Middle Triassic. Several 
groups of fishes (hybodontid sharks, colobodontids) and reptiles 
(placodonts, some ichthyosaurs, some thalattosaurs) had 
specialized shell-crushing dentitions, and some were relatively 
large such as 30-cm-long colobodontids (Xu, 2020). Note, 
however, that although colobontid fishes had blunt teeth on 
the buccal surface, they had pencil-like teeth on the jaws, 
which might indicate a predatory habit. Therefore, they were 
probably not obligate durophages, and may also have preyed on 
thick-scaled holostean fishes, using the sharp teeth to snatch and 
manipulate their prey, and the blunt buccal teeth to crush their 
scales. Importantly also, durophagous fishes and reptiles made up 
a rather small proportion of the taxic diversity of the Panxian and 
Luoping (Anisian) marine communities. Linked evidence that 
shell-crushing occurred in the Middle Triassic vertebrates are 
regurgitated masses of shell debris and crinoid remains 
(‘bromalites’) reported by Salamon et al. (2012) from the 
Middle Triassic of Poland. Several authors have interpreted 
such evidence as evidence that the MMR began explicitly as a 
part of the Early-Middle Triassic recovery from the PTME (e.g., 
Salamon et al., 2012; Benton et al., 2013; Xu, 2020). 

Adaptations for durophagy occur also in Triassic hybodont 
sharks, with typical crushing teeth and body lengths over 2 m in 
some cases. There may have been some shell-crushing hybodonts 
in the Permian (Vermeij, 1977), but the Lonchidiidae, which 
originated in the Middle Triassic, were the first of several 
Mesozoic families of hybodonts to adopt durophagy. In 
Jurassic species, there are also cases of stomach contents and 
regurgitations of belemnites (Klug et al., 2021). 

Durophagy in ichthyosaurs evolved 3-5 times during the 
Triassic, and indeed more than half the species of Early and 
Middle Triassic ichthyosaurs had at least some molariform teeth 


(Huang et al., 2020). Indeed, Huang et al. (2020) suggest that the 
prevalence of durophagy among these marine reptiles indicates 
that their specific adaptations to consuming hard-shelled prey 
and hard-scaled fishes explains much of their early success. 
Further, the nature of the crushing teeth varies, suggesting 
that different ichthyosaurs specialized on different kinds of 
hard-shelled prey. All the durophagous reptiles (placodonts, 
ichthyosaurs, thalattosaurs) died out at the end of the Triassic, 
or earlier, and the habit did not re-emerge in marine reptiles until 
the Late Jurassic, in plesiochelyid turtles, and Late Cretaceous, in 
some mosasauroids and turtles (Stubbs and Benton, 2016). 


New Defenses and Evasions 

The new predators and their cunning modes of attack in Triassic 
oceans stimulated new defensive adaptations in their prey 
(Figure 2). In an earlier review, McRoberts (2001) found that 
Mesozoic predatory adaptations such as durophagy, shell 
snipping, and shell boring were present, but not prevalent in 
the Triassic. He noted steadily rising diversity among bivalves 
through the Triassic but explained the series of innovations just 
noted driven by environmental changes associated with the 
recovery of life following the PTME, rather than evidence for 
an escalation of predator-prey interactions, a key element of the 
MMR, mainly because of the apparent rarity of the new predatory 
groups and evidence for their activities such as boreholes and 
snipped shell edges. This view was strengthened by reports of 
predatory attack on mollusks in the Early Jurassic and Late 
Triassic. Harper et al. (1998) suggested a Triassic start for the 
MMR based on evidence for high levels of boring predation 
marks on bivalve shells from the Lower Jurassic. 

Shell drilling was not a Mesozoic innovation, having been 
reported through the Paleozoic, and attributed to platyceratid 
gastropods (Brett and Walker, 2002). However, the drilling 
predation habit was not continuous through geological time, 
with a gap from Late Carboniferous to Permian, and a gradual 
increase from the Middle Triassic to the present day (Walker and 
Brett, 2002; Klompmaker et al., 2016; Tackett and Tintori, 2019, 
Figure 5). Fiirsich and Jablonski (1984) reported extensive 
findings of boreholes from the Triassic, evidence of the new 
gastropod predation modes. Strong external shell sculptures, 
interpreted as an antipredatory feature, and typical of the 
MMR (Vermeij, 1977), were also reported in Triassic 
gastropods and bivalves (Niitzel, 2002). The relatively low 
levels of boreholes in the Triassic are indicative of the re- 
invention of this feeding strategy in the Early to Middle 
Triassic, and its slow expansion through the Jurassic and Early 
Cretaceous (0-5%), until it rose to modern levels (c. 20%) in the 
Late Cretaceous when there was a great increase in drilling by 
naticid and muricid gastropods (Harper, 2003). 

Trace fossils provide additional evidence for an escalation in 
predator-prey behavior in the Triassic. Previous authors noted an 
increase in infaunalization in the Early Triassic (Stanley, 1968, 1977; 
Foster and Twitchett, 2014). What we cannot demonstrate is whether 
this behavior was new and was not already happening in the Late 
Permian. Buatois et al. (2016) report that trace fossils show evidence 
that seabed ecosystems had fully recovered by the Middle Triassic in 
equatorial carbonate settings, although these ichnoassemblages show 
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limited infaunalization and simple tiering structures. These authors 
note major changes in Jurassic ichnoassemblages that mark the rise to 
dominance of the Modern Evolutionary Fauna. In general, the 
intensity of bioturbation, trace fossil diversity, complexity of 
tiering, and maximum burrow depths, increased through the Early 
and Middle Triassic, indicating stepwise recovery of benthic 
biodiversity and range of feeding modes (Luo et al, 2020). 
Bioerosive herbivory, whereby mollusks, echinoids and other taxa 
feed actively across sea-shore services, consuming green algae, began 
in the Rhaetian and became common in the Jurassic (Radley, 2010), 
and it is unclear whether older examples are confidently known in the 
Triassic. 

Cementing to rocks and clamping tight shut are mechanisms 
that oysters and other mollusks use to avoid the attentions of 
predators. Hautmann (2004) reported the origin of a major 
antipredatory adaptation in Triassic bivalves coupled with 
substantial diversification of the major clade Pteriomorpha, 
which includes mussels, scallops, and oysters. Pteriomorph 
bivalves are characterized by modified alivincular ligaments 
that substantially strengthen the hinge line and enable them to 
adopt one of two new defense strategies; oysters and mussels can 
clamp down and keep the shell shut against attempts to prize it 
open by starfishes, and scallops and other swimmers can close the 
shell fast under attack and escape by snapping shut and squirting 
water out. Hautmann (2004) noted that three modified 
alivincular ligament types emerged in parallel in different 
pteriomorph clades in the Late Triassic and Early Jurassic. 
Hautmann et al. (2017) reported Early and Middle Triassic 
cementing oysters, and their origin and diversification early in 
the Triassic has been explained as paralleling the diversification of 
durophagous crustaceans, fishes and reptiles. 

The alivincular ligament, as noted, enables scallops and relatives 
to snap the valves shut and escape by rocket propulsion. Hautmann 
(2010) reported the first scallop from the early Ladinian of Europe. 
Further, phylogenetic analyses of the pecten families Pectinidae and 
Entolioididae show they originated in the Early Triassic, likely with 
their shell-clapping habit and strengthened alivincular ligament 
from the start (Waller, 2006). 

Escape by fast swimming has also been suggested as evidence 
of new predation pressures on crinoids. Motility in stalked 
crinoids perhaps evolved for similar reasons. Baumiller et al. 
(2010) noted evidence for active predation by cidaroid echinoids 
on stalked crinoids from the Middle Triassic of Poland, as well as 
in later stratigraphic units, and suggested that this new mode of 
hunting promoted the evolution of motile crinoids as a means of 
escape from their fellow echinoderms. Cidaroid echinoids 
diversified through the Triassic and Early Jurassic (Kier, 1974), 
and their predation on crinoids perhaps drove this new mode 
of life. 

An unexpected discovery was the first flying fish, from the late 
Ladinian of China (Figure 2) (Xu et al., 2013). This was a 
locomotory mode that had been identified in the Late Triassic 
thoracopterid bony fishes (Tintori and Sassi, 1992), and it is a 
convergent precursor of the Exocetidae (Beloniformes), the flying 
fishes of today. Fish fly, by launching themselves out of the water, 
as an escape strategy, but so far as we know, this mode of escape 
from predation did not exist in the Jurassic or Early Cretaceous, 


until Exocoetoides (?Aulopiformes, Chirothricidae) evolved in the 
Late Cretaceous (Davis, 1887). 


Two Phases in the Triassic MMR 


These studies of evolution among potential predators tend to 
show earlier-than-expected origins of many clades, and some 
of them, such as ichthyosaurs, apparently diversified 
explosively in the first 5-10 Myr of the Triassic. Others 
show an early origin of the clade or the innovation, but a 
slow expansion, and sometimes an uptick in the Carnian or 
Norian, in many cases following the CPE (Figure 2). There is a 
similar divergence of evidence for patterns of new modes of 
predation, as well as predation avoidance and escape strategies, 
with some modes occurring very early in the Triassic, and 
others expanding slowly and spreading more rapidly in the 
Late Triassic to Early Jurassic. 

There are two reasons for a coincidence between the processes of 
recovery of life from the extreme levels of devastation wrought by the 
PTME, and the beginning of the MMR and origin of modern marine 
ecosystems. First is that the extinction cleared ecospace and allowed 
new taxa to dominate earliest Triassic ecosystems, and these new 
taxa established new, faster life modes and arms races than seen in 
the Paleozoic. Second are the more immediate aspects of the turmoil 
of post-PTME seas, when harsh environmental conditions interfered 
with the recovery and forced some strong ecological interactions. 
During the Early and Middle Triassic, new clades with their new 
adaptations emerged, both new antipredatory strategies such as 
thickened shells and cementation in oysters and mussels, snap 
escape swimming by scallops, motile crinoids, prominent 
sculpture by gastropods and bivalves, and deep burrowing by 
many taxa, as well as the new hunting modes, including shell 
snipping by malacostracans, hole boring using chemical and 
mechanical means by gastropods, and durophagy by hybodont 
sharks and reptiles. 

The strong evidence for substantial expansion among 
invertebrate predatory clades, as well as neoselachian sharks, 
durophagous fishes and reptiles, and evidence of predatory 
activity and anti-predatory adaptations (motile crinoids; 
heavily ridged shells; cemented oysters; shell-clapping scallops) 
from the Carnian onwards could reflect bias in the fossil record, 
namely the availability of numerous extensively fossiliferous 
marine geological formations in Europe, North America, 
China and elsewhere that preserve more fossils and to higher 
quality. However, some of the apparent explosion of new clades 
and innovations, especially for example the diversification of 
scleractinian corals and coral reefs, and the plankton 
revolution, are likely real, and consequences of the impact of 
the CPE (Dal Corso et al., 2020). The plankton revolution of the 
Late Triassic (Falkowski et al., 2004) was the time when all 
modern marine plankton (calcareous nannoplankton, 
planktonic foraminifera, dinoflagellates, radiolaria) originated 
or diversified. These provided the basis for new trophic 
structures in the oceans and could have triggered the explosive 
diversification of consumers at all levels. 

In summary, new evidence from marine ecosystems has shown 
that the initiation of the MMR has moved back in steps through the 
last decades. At first, Vermeij (1977) suggested that the major 
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escalation in predator-prey interaction began in the Late Jurassic, but 
then marshalled evidence that the first phase actually dated back to 
the Late Triassic-Early Jurassic (Vermeij, 2008). New evidence, as 
noted by many authors and summarized here, is that the initiation of 
the MMR coincides with the building of the ‘Modern’ marine 
ecosystem from the Early Triassic onwards (Sepkoski, 1984), and 
that there was a second escalation following the CPE some 232 Ma, 
marked by major revolutions in plankton, carbonate factory, 
predatory modes, and anti-predator defenses (Dal Corso et al., 2020). 

Further evidence for escalation through the Triassic is that 
some of the new predatory and defensive adaptations disappeared 
at the end of the Triassic, including widespread durophagy in 
marine reptiles and flying adaptations in fishes; these adaptations 
re-emerged in other groups later in the Mesozoic. 


THE TRIASSIC TERRESTRIAL 
REVOLUTION 


Physiological Escalation 

Biologists, and the general public, readily divide vertebrates into 
‘cold-blooded’ fishes, amphibians and reptiles on the one hand, 
and ‘warm-blooded’ mammals and birds on the other. It is 
broadly assumed that these represent respectively low-energy 
and high-energy modes of life, or ‘slow and ‘fast’ organisms 
in terms of the speed with which they live their lives, but also the 
amount of energy, oxygen and carbon they consume. Mammals 
and birds are fast-moving, capable of sustained locomotion and 
nocturnality, whereas amphibians and reptiles are generally 
slower moving, not capable of sustained fast movement, and 
apparently motionless for much of the time. In fact, there may be 
a twenty-fold difference in energy consumption between the two 
physiological groups. Metabolic rate, measured as the rate of 
consumption of oxygen, depends on the size of the animal (it is 
relatively higher in small animals), but as an example a small bird 
may use up 10 ml of oxygen in 1.3 h, whereas a lizard of similar 
body mass would take 23.8 h to use the same amount of oxygen, a 
20-fold difference (Bennett and Nagy, 1977; Gillooly et al., 2001). 

This reflects fundamental differences between endothermy 
(‘warm-bloodedness’; production of heat by physiological means) 
and ectothermy (‘cold-bloodedness’; acquisition of heat from external 
environmental sources): endotherms consume oxygen and food in 
considerable quantities to fuel their inner furnaces, whereas 
ectotherms rely on sunlight directly or indirectly. At larger body 
sizes, differences in metabolic rate may become less because bulky 
ectotherms achieve insulation by being large and so retain heat 
passively when the external environment cools down (McNab, 
1978; Paladino et al., 1990). This enables some large living reptiles 
such as sea turtles and some snakes to achieve a kind of warm- 
bloodedness, termed gigantothermy or inertial homeothermy, 
possibly also true for dinosaurs and other extinct reptiles 
including ichthyosaurs and plesiosaurs (Paladino et al. 1990; 
Seymour, 2013; Lindgren et al., 2018). 

However, it is not clear that inertial endothermy is necessarily 
equivalent to endothermy in terms of metabolic rate and outputs: 
Seymour (2013) found that whereas a small crocodilian (1 kg) can 
produce up to 57% of the power output of a mammal of similar 


body mass, a large crocodile (200 kg) with relatively inertially 
constant body temperature nonetheless produced only 14% of the 
power of a mammal of similar body mass. The deficit relates to 
the relative aerobic capacity of endotherms and ectotherms, their 
ability to take in and use oxygen in a continuous manner. 

This difference is made more marked by posture. Lizards and 
most ectothermic tetrapods are sprawlers that move by swinging 
the vertebral column from side to side as they take strides. As the 
right arm moves forward, the torso twists left and air is expelled 
from the left to the right lung, and vice versa as the left arm moves 
forward. Mammals and birds have erect, or parasagittal, posture 
with the limbs held beneath the body and moving back and 
forwards parallel to the backbone. Mammal backbones flex up 
and down and air is pumped in and out of the lungs by 
compression and relaxation of the diaphragm; birds have a 
one-way respiration system involving air sacs connected to the 
lungs. Both groups show high endurance when compared to 
ectothermic tetrapods; salamanders and lizards can either run or 
breathe, but not both (Carrier, 1987). 

Benton (2021) argued that the Triassic was the crucial time in 
the independent origins of endothermy in the bird and mammal 
lineages. He pointed to the origin of parasagittal gait and 
insulating dermal coverings in the Early and Middle Triassic, 
250 Ma, and speculated that this happened during the time when 
life was recovering from the PTME. Then all aspects of a higher- 
paced, endothermic lifestyle became established in archosaurs 
and synapsids as they engaged in competitive and predator-prey 
arms races throughout the Triassic. Can this case be sustained in 
the face of very different models for the origins of endothermy? 


Origins of Endothermy 

The origins of endothermy in mammals and birds have long been 
discussed, and current estimates of timing range widely, from 
Carboniferous to Jurassic. Grigg et al. (2022) argued that 
endothermy in both clades should be traced back to the origin 
of amniotes in the mid-Carboniferous, some 310 Ma, based on a 
combination of the close similarities of the fundamentals of avian 
and mammalian endothermy, as well as paleontological evidence. 
On the other hand, Rezende et al. (2020) argued that endothermy 
emerged in birds only with the extreme miniaturization that took 
place in the paravian lineage in the Middle and Late Jurassic, 
175 Ma. Similarly, Newham et al. (2022) identify a late origin of 
endothermy in mammals also in the Middle Jurassic. 

Grigg et al. (2022) argue for a single origin of endothermy in 
early amniotes from physiological and paleontological evidence. 
First, they note revisions to the standard assumption that non- 
shivering thermogenesis (NST), the fundamental source of 
tetrapod endothermy, originates from skeletal muscle in birds 
and brown adipose tissue in mammals; in fact, they note that 
brown adipose tissue is absent in monotremes, marsupials and 
many eutherian mammals, and that muscle-based NST in birds 
and mammals shares the same processes of calcium transfer at 
cellular level. Second, they marshal paleontological evidence for an 
early, shared origin of whole-body endothermy in all amniotes, 
and as seen today in birds and mammals: 1) evidence from bone 
histology for fibrolamellar bone and endothermy in Carboniferous 
and Permian amniotes including ophiacodontids, edaphosaurids, 
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sphenacodontians, dinocephalians, gorgonopsians, dicynodonts, 
and pareiasaurs; 2) erect or semi-erect posture and large body size 
in some Permian synapsids (Dimetrodon, Inostrancevia, 
Moschops) and sauropsids (Scutosaurus, Moradisaurus); 3) large 
nutrient foramina in long bones of caseids, edaphosaurids, 
sphenacodontids, dicynodonts, gorgonopsids, and cynodonts 
suggesting rapid growth and repair associated with high-speed 
locomotion; and 4) obligate bipedality in Triassic archosaurs. If 
whole-body endothermy arose soon after the origin of amniotes in 
the mid-Carboniferous and persisted in all clades including the 
bird and mammal lineages, the ancestors of turtles, lizards, snakes, 
and crocodilians must have reverted from endothermy to 
ectothermy independently at certain points in their histories. 
Indeed, it has often been suggested that crocodilians were 
ancestrally endothermic based on their 4-chambered hearts, 
bird-like lungs, and fibrolamellar bone in juveniles (Seymour 
et al, 2004). However, the proposal (Grigg et al. 2022) of 
reversion from endothermy to ectothermy in the ancestors of 
turtles and lepidosaurs (lizard snakes and relatives) is novel. 

At the other end of the scale, as noted, some recent papers 
propose that avian and mammalian endothermy arose 135 Myr 
later, in the Middle Jurassic. Rezende et al. (2020) argued that 
endothermy arose in the bird lineage at the same time as 
miniaturization brought their body size down to a point where 
the costs of elevated energy requirements were mitigated. They 
argue that the cost of maintaining body temperature higher than 
ambient (= environmental) temperature is high in a large animal, 
so miniaturization brings the cost down. Their calculations 
suggest that the transition from ectothermy to endothermy 
happened between body masses of 100 and 1kg, and 
especially at about 10kg, so they suggest that many 
maniraptorans, and all paravians were endothermic. This 
transition occurred in the Early to Middle Jurassic, about 
180-170 Ma, well before the origin of birds, and associated 
with the acquisition of diverse avian-like feather types by 
numerous maniraptoran dinosaurian lineages. 

Similarly, Newham et al. (2022) point to the Middle Jurassic as 
the time of origin of endothermy in mammals, long after the 
emergence of indicators accepted by other authors (e.g., Botha- 
Brink et al., 2018; Benton, 2021) as evidence for earlier origins, 
whether in the Middle or Late Permian (separation of lumbar and 
thoracic regions and origin of diaphragm; differentiation of 
dentition; bony secondary palate; enlargement of brain), Early 
Triassic (parasagittal gait; nutrient foramina on snout suggesting 
muscular lips and hair; parental care; fibrolamellar bone; reduced red 
blood cell size), or Late Triassic (neurosensory evolution and hair; 
miniaturization on mammalian lineage; ossified nasal turbinates). 
Newham et al. (2022) acknowledge all these features and their 
relative timings of origin but argue that they indicate 
modifications to locomotory mode and enhanced aerobic activity, 
but not endothermy. They emphasize the importance of the 
acquisition of both a high basal metabolic rate (BMR) and a high 
maximum metabolic rate (MaMR), both of which are features of 
modern mammals. Their studies of the Early Jurassic mammal 
Morganucodon show that, although it had all these features, as well as 
the mammalian jaw joint, diphyodonty (tooth replacement limited 
to milk and adult sets), and determinate growth, growth increments 


Triassic 


t 
# 
f 
+ 
# 
* 
ý 


[Mass extinction 252 million years ago 


Permian 


Pace angulation 


Footprint 
model 


FIGURE 4 | Posture shift from sprawling to parasagittal, among 

synapsids and archosauromorphs. (A) A sprawling synapsid, Moschops from 
the Late Permian. (B) An erect-postured archosauriform, Viushkovia from the 
Early and Middle Triassic, both with tracks. (C) The transition from 
sprawling to erect posture across the Permian-Triassic boundary. (D) 
Measurement of pace angulation of tracks, showing sprawling and erect 
tracks, with sketch body and limbs (values of pace angulation 138° indicate an 
erect posture). (E) Contrast of the instant switch from sprawling to erect 
posture across the Permian-Triassic boundary, 252 Ma (left) with the classic 
Charig (1972) model of a more prolonged postural shift, occurring through 
much of the Triassic. Panels A and B are by Jim Robins; C by Simon Powell; D 
is from Kubo and Benton (2009), and E is original; all from Benton (2021). 
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in the cement that fixed the teeth in their sockets indicated a life span 
of l4years, and 9 years for another Early Jurassic mammal, 
Kuehneotherium. Such long life spans are more in line with 
ectotherms than endotherms of such small body sizes. Further, 
the sizes of nutrient foramina in the limb bones of Morganucodon 
indicate a MaMR value closer to that of modern reptiles than 
mammals. 

In his overview of the evolution of endothermy, Lovegrove (2017) 
suggested a three-phase model in both birds and mammals, which 
each followed independently, through stages of 1) parental care and 
locomotion; 2) thermoregulation and miniaturization; and 3) 
locomotion and climate adaptation. In the bird lineage 
(Archosauria), these phases ran respectively from Late 
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Wikimedia; (B) artwork by Yuan Zhang; (C) Image based on Yang et al. (2019). 


FIGURE 5 | Evidence for insulating pelage in synapsids (A) and archosauromorphs (B,C). (A) Skull of the Middle Triassic cynodont Cynognathus in lateral view, 
showing pits on the snout suggesting vibrissae. (B) An anurognathid pterosaur from the Middle Jurassic of China, from which the four feather types were identified. (C) 
The four pterosaurian feather types: monofilaments (a, €), tufted monofilaments (b, f}, bunched fibres (c, g), and down feathers (d, h). (A) Photo by Emdke Dénes, 
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Permian-Triassic, | Jurassic-Early Cretaceous; and Early 
Cretaceous-Modern, and in the mammal lineage (Synapsida) 
from Middle Permian-Middle Triassic; Late Triassic—Paleogene; 
and Paleogene-Modern. Newham et al. (2022) present a similar 
sequence for mammals, with initial stages of increasing aerobic 
capacity (MMR) and improving thermoregulatory ability (BMR) 
through the Permian and Triassic, and the establishment of 
endothermy (acquisition of mammalian BMR and MaMR) in the 
Late Jurassic and Cretaceous, coincident with the origin of modern 
mammals. 


Triassic Arms Races 

Whether we accept origins of endothermy in the Carboniferous, 
Permian, Triassic or Jurassic, it is worth considering steps along 
the way and when they happened. In fact, much of the debate 
outlined above depends on definitions of endothermy, but despite 
quandaries around that issue, we can observe many definite 
changes in the fossils, including origins of erect posture, 
dermal insulation, and elevated metabolic rates as inferred 


from bone histology from the Early Triassic onwards. 
Importantly, the changes appear to occur in parallel in the 
two major clades of terrestrial tetrapods of the time, the 
archosauromorphs (including ancestors of crocodilians, 
dinosaurs and birds) and synapsids (including ancestors of 
mammals). 

These two great clades passed at low diversity into the 
Triassic. Archosauromorphs had existed only at low diversity 
in the Late Permian, and synapsids were hit hard by the PTME, 
and perhaps only ten or twenty species survived (Benton et al., 
2004; Irmis and Whiteside, 2011). The earliest Triassic 
archosauromorphs and synapsids diversified rapidly in the 
new world, and they appear to have embedded a series of new 
adaptations that spread through all Triassic survivors and their 
descendants. 


First is Posture 
It had long been noted that Late Permian synapsids showed 
substantial modifications in their posture with the limbs tucked 
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beneath the body and modified rib cages suggesting the presence 
of a diaphragm, and a vertebral column that flexed up and down 
rather than side to side (e.g, Jones et al, 2019). Among 
archosauromorphs, or archosaurs in particular, a different 
pattern of postural evolution had been suggested, passing 
stepwise from a sprawling posture to semi-erect, and then 
fully erect by Middle and Late Triassic (Charig, 1972). This 
idea of a gradual postural shift was challenged by Kubo and 
Benton (2009) who showed an apparently instant switch in the 
posture of medium-sized tetrapods that coincided with the 
Permian-Triassic boundary (Figure 4). Using a large sample 
of fossil trackways, they showed that all the Middle and Late 
Permian tracks suggested sprawling locomotion, whereas from 
the Early Triassic onwards, the postures were parasagittal. This 
can be determined readily from fossil trackways by measuring the 
pace angulation (the angle between successive right-left-right 
footprint sets): values were 88° in the Middle and Late 
Permian, but 140°, 149°, and 156° in the Early, Middle and 
Late Triassic. This documents a shift from very widely sprawling 


reptiles in the Permian to purely parasagittal forms in the 
Triassic, and showing some, but not much, evolution of 
parasagittality. 

This simple switch from sprawling to erect posture across 
the PTB has been challenged by Sullivan (2015) who notes 
that the skeletons of Early Triassic archosaurs such as 
proterosuchids and erythrosuchids show they were almost 
certainly sprawlers. This apparent mismatch of footprint and 
skeletal evidence requires more study, but either way an erect 
posture was the norm for archosaurs and synapsids by the 
Middle Triassic. 


Second is Dermal Insulation 

A common assumption by physiologists is that the feathers of birds 
and hair of mammals are correlated with their endothermy and that 
they act as insulation. Therefore, if such insulating pelage were 
identified in the fossils, this might also suggest warm-bloodedness, 
if not endothermy of a modern kind. Such conditions had been 
suggested by Watson (1913, 1931) based on abundant pits around the 
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snout in cynodonts and therocephalians, carnivorous synapsids: he 
argued that the pits (Figure 5A) were presumably for nerves that 
invested the sensory whiskers, or vibrissae, and that these early meat- 
eaters also had muscular mammalian-like lips, as well as upright 
posture and enlarged brains, all indicative of endothermy. Fossil hairs 
have been identified in Late Permian coprolites from South Africa 
(Smith and Botha-Brink, 2011) and Russia (Bajdek et al., 2016). 
Nevertheless, Botha-Brink et al. (2018) suggest that hair evolved, or at 
least formed an insulating pelage, in synapsids in the early Late 
Triassic. It now seems evident that archosauromorphs also had 
feathers, especially short, fluffy insulating-type feathers, since the 
Farly Triassic. The evidence is that theropod dinosaurs have very 
clearly avian-like feathers (Xu et al., 2014), as do some ornithischian 
dinosaurs such as Kulindadromeus. If dinosaurs all have feathers or 
the propensity for feathers, then feathers would date to the origin of 
dinosaurs (Benton et al., 2019; Yang et al., 2019). Pterosaurs, the sister 
group of dinosaurs, also have dermal insulating structures commonly 
called pycnofibres. New evidence (Yang et al., 2019; Cincotta et al., 
2022) shows these pycnofibres take a variety of forms, including 
branching and tufting structures as seen among dinosaurs and birds 
(Figures 5B,C), so these are presumably also feathers. However, even 
if researchers balk at calling pycnofibres feathers, it does not change 
the fact that insulating dermal structures appeared in the first 
dinosaurs and the first pterosaurs, and the shared ancestry of these 
two clades is dated to the Early or early Middle Triassic. This 
realization of such early origins is a new discovery based on the 
occurrence of sister-group taxa such as silesaurids and aphanosaurians 
in the Anisian (Benton et al., 2014; Nesbitt et al., 2017; Benton, 2021). 


According to an alternative view (Ezcurra et al., 2020a), the key 
Manda Formation of Tanzania is redated as late Ladinian to early 
Carnian rather than mid to late Anisian, so moving the dates of origin 
of some key early avemetatarsalians forward in time. However, even if 
the ages of these early avemetatarsalians are much younger than 
generally assumed, there are definitive members of the sister clade of 
Avemetatarsalia, the Pseudosuchia, in the Olenekian (Butler et al., 
2011), so dating the origin of both clades as minimally Early Triassic 
(Olenekian). According to current phylogenies (e.g, Nesbitt et al., 
2017; Ezcurra et al., 2020b), Pterosauria and sister clades and 
Dinosauria and sister clades each form unique lineages that 
diverged at the origin of Avemetatarsalia, so we assume an Early 
Triassic origin for both. One aphanosaurian, Dongusuchus from the 
Donguz Svita of Russia, is almost certainly Anisian in age, and if 
correctly identified as an aphanosaurian (Nesbitt et al., 2017), this 
brings the origins of the dinosaur and pterosaur lineages down to 
middle Anisian, if not late Olenekian, whatever the age of the Manda 
Formation. 

Third is evidence of high metabolic rate in the bone histology of 
Triassic archosauromorphs and synapsids. Investigators have noted 
the widespread presence of fibrolamellar bone, often with extensive 
secondary remodeling through Haversian canals, both of which are 
features of the bone of living endotherms such as birds and mammals 
that exhibit fast growth (e.g., Ricqlès et al., 2008; Botha-Brink et al., 
2018). Importantly, the sizes of canals through bone can indicate 
metabolic rate: birds and mammals today have small red blood cells 
(RBC) to enable the transport of increased amounts of oxygen when 
compared to ectotherms such as amphibians or reptiles which have 
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larger red blood cells. RBC size then is a measure of endothermy vs. 
ectothermy and, although the red blood cells are not preserved, the 
scaling of bone microvascularization provides a good measure. 
Huttenlocker and Farmer (2017) showed that Triassic synapsids 
and archosauromorphs generally had RBC sizes <10 um and 
many were <7 um, suggesting coincident evolution of endothermy 
in both lineages from the Early Triassic onwards (Figure 6). 
Microvessel size is only one direct anatomical indicator of thermal 
physiology in the bone of fossil tetrapods; other indicators include 
vascular density, osteocyte density, osteocyte shape, and osteocyte 
area, and these were used in combination by Legendre et al. (2016) to 
estimate resting metabolic rate (RMR) of a wide variety of Permian 
and Mesozoic animals (Figure 6). Their multi-factor histological 
metric is calibrated from modern reptiles, birds and mammals for 
which the RMR is known, and values are then determined for fossil 
forms. Their calibrated ancestral states reconstruction (Figure 7) 
indicates widespread endothermy (yellow-green, yellow, red colours) 
in both Triassic archosauromorphs and synapsids. A similar 
phylogenetic study, showing more detail of Synapsida and a broad 
array of traits (Figure 8) confirms stepwise acquisition of derived 
features through the Triassic (Botha-Brink et al., 2018). 

The conclusion from studies of posture, insulatory structures and 
bone histology is that both archosauromorphs and synapsids were 
evolving a broad array of structures indicative of more active lifestyles, 
even endothermy throughout the Triassic (Figure 9). In their 
ecosystems, both lineages included a broad diversity of herbivores 
and carnivores of various sizes, and they were living side by side, 
presumably competing for food and engaging in predator-prey 
relationships, where sometimes the top predators were 
archosauromorphs, sometimes synapsids. Overall then these are 
the lines of evidence that led Benton (2021) to argue for side-by- 
side evolution of indicators of enhanced metabolic rates in both 
lineages and interpreted these ecologically as arms races through the 
Triassic that culminated in dinosaurs and pterosaurs on one hand, 
mammals on the other. 

In all cases for terrestrial tetrapods, steps in their evolution from 
Paleozoic holdover taxa in the Early Triassic to modern-style 
animals by the end of the Triassic, were mediated by major 
events, most notably the CPE (Bernardi et al., 2018; Dal Corso 
et al., 2020). For dinosaurs and pterosaurs, it seems that both clades 
originated in the late Early or early Middle Triassic, but fossils of 
unequivocal examples are not known until the Late Triassic, after the 
CPE. By this time, with major changes in climates and floras, other 
‘modern’ tetrapods are encountered at this time, including lizards, 
rhynchocephalians, turtles, crocodylomorphs, and mammals. 
Perhaps then the combination of global clear-out and reset by 
the PTME, followed by the CPE, triggered the birth of modern- 
style ecosystems on land as well as in the oceans (Dal Corso et al., 
2020). 


Plants and Insects 

The fossil record of other terrestrial organisms has not been 
explored as thoroughly as that of tetrapods, but plants and 
insects also appear to show major steps towards modernization 
of ecosystems through the Triassic, and especially following 
the CPE (Figure 9). Plants suffered a major setback at the 
beginning of the Triassic because the PTME wiped out large 


sectors of the plant communities, most notably trees. The 
famous Early to Middle Triassic ‘coal gap’ marks a time of 
10-20 Myr when trees and forests were absent. In Gondwana, 
corystosperm seed ferns dominated floras, and forests became 
diverse and productive during the humid conditions of the 
CPE, marking the return of substantial coal seams. Numerous 
plant groups that were to be important components of 
Mesozoic floras emerged and diversified at or after the CPE 
(Dal Corso et al., 2020; Lu et al., 2021), including the 
Bennettitales and several modern fern families 
(Hymenophyllaceae, Matoniaceae, Dipteridaceae). Probably 
more significant in the landscape were the diversifying new 
conifer groups, adapted to post-CPE arid conditions, including 
Podocarpaceae (podocarps), Araucariaceae (monkey puzzle 
trees), Pinaceae (pines, cedars, firs), Cupressaceae 
(cypresses), Taxaceae (yews), and the extinct 
Cheirolepidiaceae. The importance of this phase is also that 
these represent by far the majority of modern conifers, all of 
which trace their origins to this time in the Late Triassic. 
The impact of the PTME on insects has been hard to 
determine because of patchy occurrences, but there were 
high rates of extinction at the end of the Permian and high 
rates of origination in the Early Triassic (Nicholson et al., 
2014). Family-level richness of insects began to increase 
steadily towards the present from the Triassic onwards, 
and apparently with a marked increase in rates in the 
Carnian (Nicholson et al., 2015). New evidence from China 
(Zheng et al., 2018) confirms that lacustrine insects diversified 
substantially in the Middle Triassic, part of the ‘Mesozoic 
Lacustrine Revolution’, with the earliest caddisfly cases 
(Trichoptera), water boatmen (Hemiptera), diverse 
polyphagan beetles (Coleoptera), and _ scorpionflies 
(Mecoptera). The clade Holometabola, comprising 95% 
modern insect species, diversified substantially in the 
Middle to Late Triassic, perhaps because of their resilience 
and buffering from environmental variability through 
developmental and ecological adaptations, coupled with the 
diversification of new plant groups as life recovered from the 
impacts of the PTME (Wang et al., 2022). Among major new 
insect groups originating in the Triassic are Diptera (flies), 
first known from the early Middle Triassic (Lukashevich, 
2021) and Lepidoptera (moths and butterflies), first known 
from the Late Triassic (van Eldijk et al., 2018). Modern 
herbivorous insects diversified substantially in the Late 
Triassic after the CPE, including aquatic insects, 
hydraphagans (water beetles), and staphylinids (rove 
beetles), and many modern feeding modes (piercing and 
sucking, galling, leaf mining, seed predation) seem to have 
diversified in the Carnian (Dal Corso et al., 2020). 


CONCLUSION 


When Van Valen (1984) identified the PTME as the pivotal 
turning point in the history of Phanerozoic life, and when 
Sepkoski (1984) noted the origin of the ‘Modern’ marine 
evolutionary fauna in the Triassic, both authors stressed the 
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revolutionary nature of the Triassic for the evolution of life in 
the sea. New work has confirmed their insights, in particular 
moving the MMR back in time to coincide with recovery from 
catastrophe through the Early and Middle Triassic. New work 
on Triassic dinosaurs and other terrestrial tetrapods has 
confirmed the critical role of the Triassic also in the origins 
of modern terrestrial ecosystems. Most notably, several lines of 
evidence (posture, insulation, bone histology) point to 
widespread elevated metabolic rates in both main tetrapod 
lineages, the archosauromorphs and synapsids. The 
endothermy of modern birds and mammals began to evolve 
in the Early to Middle Triassic. Likewise, plants and insects 
show dramatic changes. In many cases, we see a two-step 
process, with the initial stages occurring in the turmoil of 
perturbed ecosystems through the first 5-8 Myr of the Early 
and early Middle Triassic (252-246 Ma), followed by 
substantial reorganisations of marine and terrestrial 
ecosystems after the CPE (233-232 Ma). Thus were born 
the fundamentals of modern ecosystems. 
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